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Abstract 
Residual stresses introduced by laser heating can be used to improve the damage tolerance behaviour of lightweight structures. In 
this study the efficiency of a novel design was analysed, namely the application of dashed line patterns. The samples were 
prepared out of sheets of AA2024 T3 alloy. Two lines applied symmetrically on M(T)200 specimens resulted in an increase in 
fatigue lifetime of about 20% in comparison to the untreated material. The corresponding improvement by using continuous lines 
in the same geometry and material was only 10%. The application of a second set of lines increased the total improvement to 
20% in the case of continuous lines while no further improvement of the value of 20% in the case of dashed lines was achieved. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
During the production of structural components mechanical and thermal processes induce residual stresses. These 
stresses take influence on the development of fatigue cracks during the lifetime. This modification of the fatigue 
behaviour does not necessarily result in a degradation of lifetime. Residual stresses introduced by laser heating (LH), 
for instance, can be used to improve the damage tolerance behaviour of lightweight structures. Tensile residual 
stresses are produced in the centre of the LH while in the vicinity of the LH line compressive stresses compensate 
the tensile ones. It was shown, that the fatigue lifetime of aluminium alloys can be considerably increased by this 
processing using different sample geometries [1, 2]. 
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Investigations by finite element approaches of the LH process were performed by Yilbas et al. The comparison of 
the local temperatures inside the sample was determined by a numerical scheme as well as by an analytical approach. 
Both descriptions showed a good agreement to experimental values [3, 4]. The authors also numerically determined 
a residual thermal stress field whose mean stress value was close to those measured by XRD and analysed by the 
sin2< - method.  
A more detailed combination of experimental and numerical methods was applied by Schnubel et al. [5]. In order 
to introduce local residual stresses into a C(T)100 specimen, manufactured out of a 5 mm sheet of AA2198 T8, a 
local heating with a defocused laser beam was applied perpendicular to the crack growth direction. The resulting 
residual stresses retarded the fatigue crack growth resulting in an increase of lifetime by almost 100%. The whole 
process was also simulated by means of finite elements. A simulation of thermal heat flux was combined with a 
mechanical simulation of the corresponding development of residual stresses. The results were transferred as initial 
conditions for a fracture mechanics analysis by numerical means in order to predict the improvement of fatigue crack 
growth in comparison to the untreated material. A further improvement of the fatigue lifetime was achieved by 
application of a second LH line and its position was also optimised by the finite element method.  
A development closer to the application of aluminium alloys as structural elements led to the use of  M(T)200 
specimens with a thickness of only 2 mm because of the more realistic representation of the load state in a typical 
component used for example in aircraft structures. There, a single LH line increased the fatigue lifetime, i.e. the 
number of load cycles until failure, in comparison to the untreated material only by 10% [2]. In this study, a different 
design of LH on the M(T)200 was analysed in order to increase the fatigue life time, namely the application of a 
dashed line pattern instead of a continuous one. The switching of the laser power should lead to a vastly 
inhomogeneous distribution of heat input and thermal expansion in comparison to a continuous LH line. We expect 
higher gradients in the local deformation and, therefore, higher compressive residual stresses in the sample. 
Additionally, the impact of the application of a second dashed LH line and its position will be investigated and 
compared to the case of continuous lines.  
2. Experimental 
The LH treatment was performed with a 2.2-kW Nd:YAG laser with fibre optics and a 250-mm focal length. All 
experiments were carried out using a laser power of 600 W and a laser movement velocity of 1.6 m/min. A black 
graphite layer was applied to the specimen surface in order to reduce the reflectivity of the aluminium surface. A 
defocussed beam was used to establish a bigger spot diameter, in this case of 3.5 mm, on the specimen surface. The 
M(T)200 geometry was chosen, fabricated from AA2024 T3 sheets with a thickness of 2 mm. A sketch of all kinds 
of the investigated samples is shown in Fig. 1 including the corresponding applied LH patterns. In Fig. 1a the 
specimen of the base material is sketched together with the coordinate system which was also used in all of the 
M(T)200 samples. The starter notch with a length of 7 mm and a width of 0.3 mm as well as the holes for the 
clamping system were manufactured into the sample after the LH treatment. Both, the gap and the laser heated parts 
of the dashed line patterns were 20 mm in length. For symmetry reasons, each specimen has the same number of 
lines on each side. In contrast to previous experiments [2], here, the application of a dashed LH lines for retardation 
of the fatigue crack growth (FCG) was investigated. The results were compared to those obtained in case of 
specimens with continuous LH lines and untreated material. In a first setup the line distance between each other was 
80 mm for the dashed (Fig. 1b) and continuous line (Fig. 1c). To ensure that an emerging fatigue crack always meets 
a treated part including the corresponding zones of compressive residual stresses, a second pair of LH lines was 
added. In order to let the crack passes all lines and their corresponding stress fields in a distance where the stress 
intensity factor is still low, the distance between the inner lines was reduced to 40 mm. The second line was added in 
a distance of 10 mm (Fig. 1d) or 20 mm (Fig. 1e) to the previous ones from inside to outside. In case of the dashed 
lines the second line was added with an offset in y-direction, so that the gaps of the first line are at the same 
positions as the heated parts of the second line and vice versa.  
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Fig. 1. Sketches of the investigated M(T)200 specimens. The position of the starter notch is in the centre of the coordinate system, it’s aligned 
along the x-axis and has a total length of 7 mm. Marked in colour are the positions of the dashed and continuous LH lines. 
Fatigue crack growth tests were performed for the investigation of the damage tolerance behaviour. The tests 
were performed by a cyclic loading with constant amplitude and an initial R-ratio of 0.1, a maximum force of 
41.5 kN, and a frequency of 5 Hz. The tests were carried out in a servohydraulic testing machine Scheck-Instron 
with a 400 kN frame. A starter notch with a length of 7 mm was placed in the centre between the LH lines and the 
data acquisition started after the crack reached a total length of 10 mm. The crack length was measured optically 
using a travelling microscope. The crack propagation direction was perpendicular to the rolling direction of the base 
material. 
3. FE-simulation of residual stress field 
For investigating the effect of the modified LH lines on the M(T)200 specimens, the process was analysed by 
finite element simulation. The software ABAQUS was used for the whole simulation work. A heat flux simulation 
was combined with a mechanical simulation for determination of the residual stress field. For the temperature 
simulation the heat flux density of the heat source was modelled as a Goldak ellipsoid volume heat source [6]. In 
order to validate the heat input and resulting temperature profiles of the simulation, the local temperature was 
measured by application of thermocouples during the heat treatment [2]. For the simulation, tetragonal 3D solid 
elements with eight nodes and a length of 1.25 mm in x- and y-direction were chosen. The sample was meshed with  
(a) 
(f) (e)(d) 
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Fig. 2. Fatigue crack growth behaviour of the laser heated M(T)200 specimens with an applied continuous LH line and a dashed line at R-ratio 
0.1 compared to the base material. The line distance between the dashed and the continuous line is 80 mm (a). Corresponding crack growth rate 
of the investigated specimens (b).  
two layers of such elements with a thickness of 1 mm. The starter notch was not incorporated into the simulated 
geometry to prevent unwanted heat accumulations. Heat transport was assumed to take place by means of 
convection and radiation. The thermal emissivity is supposed to be 0.8 and the coefficient of convective thermal 
exchange is 25.0 W/(m2K). As boundary conditions in the mechanical simulation a fixed clamping on both long 
specimen sides was assumed according to the same conditions in the experiment.  
4. Results and discussion 
During the fatigue crack growth tests both patterns of laser heating show an increase of the fatigue lifetime. The 
application of a continuous line increased the fatigue lifetime by 10% [2] and the dashed line by 20% in comparison 
to the untreated material (Fig. 2a). Figure 2b presents the corresponding crack propagation rates. These propagation 
rates follow the same trend as the fatigue life time, i.e. they are decreased by the LH treatment. Near the positions of 
the LH lines a sudden retardation of the growth rate can be observed. After passing the heated zones the crack 
growth rate changes back to its former values. A possible reason for stronger retardation effect for the dashed line 
can be found in the simulation of the LH process. Figure 3 shows the residual stress distribution in y-direction of the  
Fig. 3. Simulated residual stress fields in y-direction of a continuous line (a) and of a dashed line. The length of the gaps and the heated parts was 
20 mm each (b). The thin white line marks the direction of crack propagation in the experimental samples. 
(a) (b) 
(a) (b)
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Fig. 4. Fatigue crack growth behaviour of the laser heated M(T)200 specimens with continuous line and dashed line at R-ratio 0.1 and the base 
material. single line/ multiple lines (a). Corresponding crack growth rate of the investigated specimens (b). 
continuous line and the dashed line. Further away from the heating line, both heat treatments result in a constant, but 
relatively low level of compressive residual stress. In contrast to the continuous LH line, extended regions of higher 
compressive residual stresses appear between the heated segments of the dashed line. The compressive stresses in 
these regions are considerably higher. For a length of heated line segment and gap of 20 mm a maximum width of 
the compressive region of approximately 4 mm and a stress value of -40 MPa on the sample surface was reached. 
For comparison, for a continuous line, the corresponding stresses reach values between 0 MPa and -15 MPa. As 
concluded in previous work [2, 6], these compressive residual stresses determine the degree of retardation of the 
fatigue crack growth. As shown in Fig. 2, the crack propagation rates are decreased in all cases of heat treatment and 
are also present in the case of the application of the dashed LH lines. Despite the inhomogeneous stress distribution 
with high gradients (see Fig. 3b), no systematic deviations of the crack path were observed in the fatigue crack 
propagation experiments. Nevertheless, the concentration of compressive residual stresses in front of the crack tip 
leads to a considerable effect in crack retardation.  
For protecting the specimen for general positions of the crack, another dashed LH line was added (see Fig. 1d,e). 
The second dashed line was shifted by 20 mm in y-direction with respect to the first one. This ensures that an 
emerging fatigue crack, independent of the place where it appears, should cross an area of high compressive 
stresses. As mentioned in Sect. 2 the distance between the inner lines was reduced for these specimens to 40 mm in 
order to apply compressive residual stresses at positions where the stress intensity factor is still low.  
It also can be seen in Fig. 4a that the distance between the lines is important. An additional LH dashed line in a 
distance of 10 mm caused an increase of the fatigue lifetime of only 8% (orange dashed curve), which is less than 
what is achieved by application of a single dashed line (20%, green solid line). However, a second dashed line in a 
distance of 20 mm (blue dashed line) resulted in the same increase as obtained by a single dashed line.  
The residual stress fields for these two cases are shown in Fig. 5. In the case of a lower line distance, the 
compressive stresses in the region between the lines are reduced. The heat flux from the application of the second 
line partly eliminates the positive effect from the first one. For 20 mm distance the same extension of the residual 
stress field in width and value can be observed as in the single line case (see Fig. 5b). This requires a parameter set 
producing a narrow temperature profile [2] such that only moderate heating is applied neighbour line.  
Comparing the growth rate of multiple continuous lines in [6] with that of multiple dashed lines here (Fig. 4b), 
another interesting observation reveals. The crack growth rate in the case of dashed lines starts to increase at the 
same number of load cycles as in the base material (but still at lower values). However, multiple dashed lines seem 
to arrest the crack growth at a value of approximately 210-6 mm/cycle for about 105 cycles before the typical drastic 
increase close to the end of life appears. More important, the crack growth retardation which can be observed in 
Fig. 4b for multiple dashed lines is still effective when the crack has reached the position of the heating lines. No 
such feature can be observed when applying continuous lines to the sample. One example of such a fatigue crack 
growth test is added to the curves in Fig. 4; more examples of continuous lines and a more detailed discussion of 
their influence on fatigue crack growth behaviour can be found in [6]. These results had in common that once the  
(a) (b) 
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Fig. 5. Predictions for residual stress in y-direction for the case of two dashed lines with an offset of 20 mm in y-direction and 10 mm distance in 
x-direction (a) 20 mm distance in x-direction (b). The thin white line marks the direction of crack propagation. 
crack propagation rate started to increase, typically at the position of the first LH line, it rapidly and monotonously 
grew until failure identically to the behaviour of single continuous lines. 
Interestingly, the extended regions with low tensile stresses in the gaps of the dashed line don’t seem to notably 
influence the crack growth, independent whether they are located outside of the crack propagation path (Fig. 3b) or 
even if the crack has to cross these regions as it is the case in Fig. 5b. Even at positions where the crack tip is located 
in a tensile region between the two lines, the growth propagation rate is still stalled.  
This seems to be due to a sustained crack closure effect from the region of concentrated compressive stress that 
has already been passed.  
5. Conclusions 
It was demonstrated that, in comparison to continuous lines, a similar positive effect of a LH treatment can be 
achieved by application of dashed LH lines, i.e. by incorporating only part of the thermal energy. Obviously, the 
application of two lines is necessary in order to ensure its effectiveness independent of the location where a possible 
crack emerges. The distance between these two lines has to be chosen such that the application of the second line 
does not deteriorate the compressive residual stresses generated by the first one. Such patterning of heating lines 
tends to be advantageous with regard to the sustainability of the retardation effect once the crack has passed the line.  
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